Angiogenesis, the process of blood vessel formation from pre-formed vessels, has recently become a primary target of anticancer therapy. This is due in part to the finding that removing the blood supply to a tumor can not only prevent further growth but can also starve the existing cells to death.
Angiogenesis, the process of blood vessel formation from pre-formed vessels, has recently become a primary target of anticancer therapy. This is due in part to the finding that removing the blood supply to a tumor can not only prevent further growth but can also starve the existing cells to death. 2) In the past several years there have been many potential anti-angiogenic agents developed acting by many mechanisms including interruption of growth factor receptor phosphorylation, [3] [4] [5] growth factor-receptor binding, 6, 7) cell adhesion molecule expression and signaling 8, 9) and alterations in endothelial cell apoptosis. 10, 11) In addition, several agents such as thalidomide have been shown to inhibit angiogenesis by an as yet not fully understood mechanism. [12] [13] [14] [15] [16] [17] [18] Furthermore, thalidomide has been shown to reduce tumor growth both in model systems [19] [20] [21] and in patients. [22] [23] [24] [25] [26] [27] [28] Clinically, however, thalidomide has a fairly weak effect as a monotherapy in patients with solid tumors [22] [23] [24] but is showing tremendous promise against multiple myeloma. [25] [26] [27] [28] It has been shown that activation of thalidomide by human or rabbit liver enzymes, but not by rat liver enzymes, significantly enhances the anti-angiogenic effect of the drug in rat aortic sections or isolated endothelial cells. 29) This is very interesting because thalidomide is virtually non-toxic to rats when given orally (PO). Intraperitoneal (IP), administration however, commonly associated with "first-pass" hepatic metabolism, 30) recapitulates the teratogenic effect of thalidomide in rats. 31) Kenyon et al. 19) also showed that thalidomide given IP was effective as an anti-angiogenic agent in the mouse corneal model, whereas thalidomide given PO was inactive. In addition, thalidomide teratogenesis was only found to occur after activation of the drug by liver enzymes. 13, [32] [33] [34] [35] Furthermore, in a Xenopus oocyte assay of teratogenesis, activation of thalidomide by a single cytochrome P450 enzyme, CYP2E1, lead to a teratogenic compound whereas unactivated thalidomide was non-teratogenic. 35) Thus metabolism of thalidomide is critical to its anti-angiogenic and teratogenic activity. However, the identity of the active anti-angiogenic and teratogenic moiety or moieties of thalidomide are still unknown.
The goal of this work was to explore the effect of putative hydroxylated thalidomide metabolites on blood vessel density and target cell proliferation. Since the anti-angiogenic activity of thalidomide was first reported, 36) only a limited number of thalidomide metabolites have been tested for antiangiogenic activity. Figure 1 shows known and hypothesized metabolites of thalidomide (structures M1-M8) based on extensive literature review. [37] [38] [39] [40] [41] [42] [43] [44] [45] Thalidomide can be metabolized through hydrolysis at the glutarimide and/or phthalimide ring to yield metabolites such as M6-M8. Its hydroxylation can occur on glutarimide or phthalimide ring to yield metabolites M1-M5. Interestingly, only metabolites M5 (phthaloyl glutamic acid; PGA) and M1 (4-hydroxy thalidomide) have been tested for their anti-angiogenic activities. 19, 36) Using an established angiogenesis assay, the chicken embryo chorioallantoic membrane (CAM) assay, we report that incubation of thalidomide with human (but not rat) liver microsomes increases anti-angiogenic activity of the drug. Thus it is likely that active anti-angiogenic metabolites of thalidomide exist. We became very interested as to whether any of Angiogenesis, in particular anti-angiogenesis, is an area of particular therapeutic interest in cancer treatment. Several anti-angiogenic agents are in the final stages of clinical trials. One of these agents, thalidomide, best known for its teratogenic potential, is showing promise against several tumor types. Thalidomide has been shown previously to require bio-activation to exert its anti-angiogenic effect in isolated blood vessels and endothelial cells. In this work, we confirmed these findings using the in utero chicken embryo chorioallantoic membrane (CAM) system. In particular, the anti-angiogenic effect of thalidomide is significantly enhanced by activation by human but not by rat liver microsomes. We also showed in the CAM assay that hydroxylation of thalidomide at either the 1-or 5-position retained anti-angiogenic activity whereas its hydroxylation at the 4-position led to an inactive compound. We further demonstrated that thalidomide shows weak anti-proliferative activity against MDA-MB-231 human breast cancer cells in culture. Thalidomide showed slightly more anti-proliferative activity, however, against the SH-SY5Y human neuroblastoma and human umbilical vein endothelial cell (HUVEC) types. Furthermore, incubation of thalidomide with human liver microsomes added no additional anti-proliferative effect in these cell types versus thalidomide given alone. Finally, we report that none of the thalidomide metabolites tested had any anti-proliferative effect against the breast or neuroblastoma cells, but do possess appreciable anti-proliferative activity against the endothelial cells. In summary, this work suggests that hydroxylated thalidomide analogs based on putative metabolites of the drug possess significant anti-angiogenic activity and that exploring further derivatives of these as potential anti-angiogenic agents warrants further merit. the metabolites of thalidomide described from literature possess anti-angiogenic activity using the CAM assay. We were also interested whether thalidomide and these hydroxylated analogs showed selective anti-proliferative activity on endothelial cells or whether they were also cytotoxic to tumor cells derived from the breast or from neural tissue. These data presented here suggest that three of the putative metabolites of thalidomide are more active as anti-angiogenic agents than the parental drug in the CAM assay. We also found that thalidomide and thalidomide incubated with human microsomes have weak anti-proliferative activity on MDA-MB-231 human breast cancer, SH-SY5Y human neuroblastoma, and human umbilical vein endothelial cell (HUVEC) human umbilical vein endothelial cells. In addition we found no anti-proliferative activity of any of the thalidomide analogs tested on the MDA-MB-231 or SH-SY5Y cells but substantial anti-proliferative activity of these same metabolites against the HUVEC (endothelial) cells.
MATERIALS AND METHODS
Chemicals Thalidomide (racemic mixture) was purchased from Calbiochem (La Jolla, CA, U.S.A.). VEGF was purchased from Landing Biotech (Cambridge, MA, U.S.A.); bFGF was purchased from Peprotech (Rocky Hill, NJ, U.S.A.). Human liver microsomes were from Gentest (Woburn, MA, U.S.A.) and rat liver microsomes were from In Vitro Technologies (Baltimore, MD, U.S.A.). All other chemicals and starting materials were purchased from Sigma Chemical (St. Louis, MO, U.S.A.) or Aldrich Chemical (Milwaukee, WI, U.S.A.).
Synthesis of Thalidomide Metabolites
The synthesis of thalidomide metabolites was accomplished using reported synthetic procedures 46, 47) and confirmed by NMR and MS. (This part has already mentioned in chemical section.)
Microsomal Incubation of Thalidomide A racemic mixture of thalidomide (Calbiochem) was used and incubation of the drug completed as previously described by Bauer et al. 29) Briefly, 200 mg human or rat liver microsomes were permeabilized using 0.1 M potassium phosphate buffer with 0.5% Triton X-100 on ice for 10 min. A 10 ml aliquot containing 100 mg of thalidomide is then added and pre-incubated for 2 min at 37°C in a water bath with shaking. One microliter of 100 mM NADPH is added and the mixture incubated for 10-30 min at 37°C.
Microsomal cytochrome P450 activity was assessed by ethoxyresorufin O-deethylase (ECOD). ECOD is an overall assessment of P450 activity because it is converted by at least 11 CYP isozymes. 48) An essentially non-fluorescent substrate 6,8-difluoro-7-ethoxy-4-methylcoumarin (DiFMUEt) was chosen (Molecular Probes, Eugene, OR, U.S.A.) that is converted by ECOD to a blue fluorescent product, 6,8-difluoro-7-OH-4-methylcoumarin (Molecular Probes manual), that was measured with an imaging system (Kodak-NEN ImageStation). A standard curve of the purified product (Molecular Probes) was also generated to determine the amount of substrate converted to product. In duplicate experiments with a sample size of 3 per experiment, a 10 min incubation of DiFMUEt led to a 9.2Ϯ2.6% conversion to product with human microsomes and a 10.1Ϯ3.8% conversion to product with rat microsomes (data not shown in graphical form).
Thus the human and rat microsomes used in these studies possessed similar metabolic potential.
CAM Assay The CAM assay used was a modified procedure based on Sheu 49) and Brooks. 50) Briefly, fertile leghorn chicken eggs (Truslow Farms, MD, U.S.A.) were allowed to incubate in a humidified environment at 37.5°C until 10 d of incubation. The pro-angiogenic factors human vascular endothelial growth factor (VEGF)-165 and basic fibroblast growth factor (bFGF) (200 ng each) were then added to saturation to a microbial testing disk and placed onto the CAM by breaking a small hole in the superior surface of the egg. Anti-angiogenic compounds were then added 8 h after the VEGF/bFGF at saturation to the same microbial testing disk and embryos allowed to incubate for an additional 40 h. After 48 h, CAMs were removed, quickly fixed with 4% paraformaldehyde in PBS, placed onto Petri dishes, and digitized images taken at 7.5ϫ using a Nikon dissecting microscope and Scion Imaging system. A 1ϫ1-cm grid was then added to the digital CAM images and the average number of vessels within 5-7 grids counted as a measure of vascularity. AGM-1470 (a kind gift of the NCI Developmental Therapeutics testing program), a very active anti-angiogenic agent currently undergoing clinical trials for cancer, 51, 52) was used as a positive control. Ten ng/embryo AGM-1470 caused 60-70% suppression in angiogenesis in all experiments (data not shown).
Cell Culture All cells were from American Type Culture Collection (ATCC) and were maintained at 37°C in a humidified environment containing 5% CO 2 . The MDA-MB-231 and SH-SY5Y cells were maintained in Eagle's Dulbecco's modified medium containing 10% (fetal bovine serum) FBS. The HUVEC cells were grown in EBM-MV2 medium from Clonetics (San Diego, CA, U.S.A.).
Prior to treatment, the tumor cell lines were seeded to 50% confluence, a point of logarithmic growth. HUVECs were seeded either to confluence, a point mimicking the environment of endothelial cells lining a blood vessel, or to 50% confluence, a point of cell growth mimicking an endothelial cell undergoing angiogenic proliferation. HUVECs were prestimulated with 50 ng/ml VEGF for 12 h, a dose and time found to be optimal for angiogenic stimulation (data not shown). Cells were then treated with thalidomide metabolite doses (10, 33.3, 100, 333.3 mM), ranging from non-toxic to lethal (Figs. 4, 5) . Specifically, thalidomide metabolites were placed upon cells in culture for 8 h, a time approximating the elimination half-life of the parental drug in blood [53] [54] [55] and the cell proliferation ELISA run as described below.
BrdU Cell Proliferation ELISA A commercially available (Amersham-Pharmacia) BrdU ELISA kit was used as a measure of cellular proliferation. After drug treatment, cells were allowed to grow for 24 h then BrdU labeling solution added overnight at a concentration found non-toxic to all cell lines (10 mM). The cells were then fixed to the plate with methanol and heat, blocked using 5% milk, probed with an anti-BrdU antibody-horseradish peroxidase (HRP) conjugate, colorimetric HRP substrate added and the color change corresponding to cell proliferation measured using a colorimetric plate reader. AGM-1470, a kind gift of the NCI testing program and previously shown to target its anti-angiogenic activity to endothelial cells, 56) was used as a positive control for cell kill in the studies with the HUVEC cells (data not shown). Ten nM AGM-1470 resulted in a 45-60% inhibition in proliferation in all experiments (data not shown). Cisplatin, shown to be an active anti-proliferative agent against many tumor cell types, was used as a positive control for cell kill in the tumor cell studies. 1 mM cisplatin resulted in a 50-60% reduction in proliferation in both cell lines in all experiments (data not shown).
Statistical Evaluation of Data Graphs, averages, standard deviations, one-way analysis of variance (ANOVA) and unpaired Student's t-test at the 95% confidence interval were performed using Prism 2.0 software (GraphPad Software).
RESULTS

Effect of Microsomal Incubation of Thalidomide on
Blood Vessel Density in the CAM Assay In the first article describing thalidomide as an anti-angiogenic agent, D'Amato et al. 36) found that thalidomide exhibited anti-angiogenic activity in the rabbit corneal micropocket assay while it was not effective in the chicken embryo CAM assay. In addition, Bauer et al. 29) found that thalidomide required metabolic activation by human and rabbit but not rat liver microsomes to possess anti-angiogenic activity in isolated endothelial cells or rat aortic sections. We hypothesized that in the CAM assay, in which angiogenic factors and anti-angiogenic agents are placed locally on a vascularized membrane, thalidomide was not being adequately metabolically activated. We first attempted to reproduce the effect of thalidomide alone and thalidomide activated by liver microsomes using the chicken embryo CAM assay. In the CAM assay, growth factors (bFGF and VEGF) were placed onto a bacterial testing disk and this placed on top of the CAM, a highly vascularized membrane in a growing chicken egg. Eight hours after growth factor administration the thalidomide analogs were added to the same disk and 40 h later the change in blood vessel density assessed in the local area of disk placement. Figure 2A represents digitized images of representative CAMs treated for 48 h with vehicle, VEGF/bFGF alone or VEGF/bFGF plus 100 mg thalidomide pre-incubated with human liver microsomes. The amount of vessels, particularly smaller vessels, was significantly increased with growth factor treatment, and such increase was prevented when treating with thalidomide pre-incubated with human liver microsomes. Figure 2B graphically represents vessel counts of CAMs treated with 100 mg thalidomide alone, microsomes alone, or 100 mg thalidomide pre-activated with various concentrations of rat or human microsomes. Thalidomide pre-treated with rat liver microsomes (dark bars) showed little effect on CAM vasculature (Fig. 2B) . In contrast, thalidomide pre-treated with 0.2 (but not with 0.1 or 1.0) mg/ml human microsomes (light bars) showed a significant suppression of blood vessel density (48% mean inhibition of blood vessel density, Student's t-test pϽ0.05). Figure 2C shows a dose-response relation of thalidomide alone (open circles), thalidomide pre-incubated with 0.2 mg/ml rat liver microsomes for 10 min (open triangles), or thalidomide pre-incubated for 10 or 30 min with 0.2 mg/ml human microsomes (closed triangles and closed squares, respectively) in the CAM assay. In this study, thalidomide alone showed a significant suppression in blood vessel density only at the highest dose of 100 mg thalidomide (20% mean suppression at 100 mg, Student's ttest pϽ0.05). In addition, both a 10-and 30-min pre-incubation of thalidomide with human microsomes showed significant suppression of blood vessels at both 10 and 100 mg versus thalidomide given alone (Student's t-test, pϽ0.05). Finally, thalidomide pre-incubated by rat liver microsomes, however, showed no suppression of blood vessel density at any dose tested.
Effect of Putative Thalidomide Metabolites on Blood Vessel Density in the CAM Assay Hydroxylated "closed ring" and "open ring" putative thalidomide metabolites (Fig.  1) were then synthesized. 47) The purity of all putative metabolites was determined by NMR and by HPLC 57, 58) and found to be over 95% in all cases. Figure 3 represents data from the eight putative thalidomide metabolites tested in the CAM assay. Hydroxylation of thalidomide on the C4-position of the phthalimide ring (M1) led to a weakly anti-angiogenic compound ( Fig. 3A ; 14% mean inhibition of blood vessel density at 100 mg). In contrast, hydroxylation of thalidomide on the C5-position of the aromatic ring (M2) or on the nitrogen (C1Ј-position) of the glutarimide ring (M3) led to active anti-angiogenic agents (mean inhibitions of 47% and 50% at 100 mg, respectively). Hydroxylation at both po- sitions (M5) also led to a very active compound (64% mean inhibition at 100 mg), whereas hydroxylation at both the 4-and the 1Ј-position of thalidomide (M4) led to a weakly active compound (14% mean inhibition at 100 mg). Thus the position of hydroxylation seems critical for anti-angiogenic activity of thalidomide.
Next, three putative thalidomide metabolites with the glutarimide ring hydrolyzed were tested in the CAM assay. The first, phthaloyl glutamic acid (PGA), was previously shown to be active as an anti-angiogenic agent in the mouse corneal model of angiogenesis. 19) We found that PGA (M6) was almost as active as Äthalidomide pre-incubated with human liver microsomes in the CAM assay ( Fig. 3B ; 39% mean inhibition at 100 mg). In contrast, hydroxylation at either the 4-or the 5-position of PGA led to slightly less active compounds (22 and 30% mean inhibition at 100 mg, respectively).
Effect of Thalidomide and Its Putative Metabolites on Cancer Cell Proliferation
The effect of the thalidomide and its hydroxylated analogs on tumor cell proliferation was next examined. Doses ranging from 10 to 333 mM were chosen based on previous findings in humans that a single oral dose of 200 mg gave a peak blood level of ca. 1.5 mg/ml (6 mM). 53, 54) Naively assuming that a patient taking a large dose of 1200 mg thalidomide will have a peak blood level around 9 mg/ml (36 mM), doses approximately one log higher and lower than this dose were chosen. The MDA-MB-231 breast tumor cell line was chosen because it is very metastatic when implanted into mice 59) and can induce angiogenesis in cellular systems. 60) Because of the potential of thalidomide to cause neuropathy, a neuroblastoma cell line, SH-SY5Y, was also chosen. This cell line retains many neuronal properties including nerve growth factor-induced neurite outgrowth 61, 62) and neuronal-like action potentials 63, 64) and has been used as a model for drug-induced neurotoxicity. 65, 66) As shown in Fig. 4A , thalidomide alone and thalidomide pre-incubated with human microsomes weakly inhibited cell proliferation in the MDA-MB-231 breast cells (54 and 62% mean inhibition of proliferation at 333 mM, respectively). Furthermore, incubation of thalidomide by human microsomes did not enhance anti-proliferative activity versus thalidomide given alone. Thalidomide showed slightly more anti-proliferative activity against the SH-SY5Y neuroblastoma cells (Fig.  4B) than the MDA-MB-231 cells, and caused almost complete inhibition of cell proliferation at 333 mM. In the SH-SY5Y cells (Fig. 4A) , like the breast cells, incubation of thalidomide by liver microsomes did not enhance anti-proliferative activity versus thalidomide given alone. Furthermore, none of the putative hydroxylated metabolites (M1-M8) tested showed any anti-proliferative effect on either MDA-MB-231 or SH-SY5Y cells even at the highest doses (Figs. 5B, 5C, 5E, 5F, 5H, 5I).
Effect of Thalidomide and Its Putative Hydroxylated Metabolites on Endothelial Cell Proliferation
The effects of thalidomide and its hydroxylated analogs on HUVEC proliferation were next examined. As shown in Fig. 4C , thalidomide alone and thalidomide pre-incubated with liver microsomes showed substantial anti-proliferative activity against the HUVECs (100% and 67% mean inhibition of proliferation at 333 mM, respectively). Further, thalidomide pre-incubated with microsomes actually showed less anti-proliferative activity versus thalidomide alone. Figure 5 showed the results of putative thalidomide metabolites on HUVEC cell proliferation. All of the hydroxylated analogs showed increased cell kill versus thalidomide alone or thalidomide preincubated by human liver microsomes (Fig. 5 vs. Fig. 4C ). The most active hydroxylated thalidomide analogs against HUVEC proliferation were 4-hydroxy thalidomide (M1; 100% mean inhibition at 333 mM), 1Ј-hydroxy thalidomide (M3; 87% mean inhibition at 333 mM), 5,1Ј-dihydroxy thalidomide (M5; 88% mean inhibition at 333 mM), PGA (M6; 100% inhibition at 333 mM) and 5-hydroxy PGA (M8; 91% mean inhibition at 333 mM).
DISCUSSION
Angiogenesis inhibition remains a very active, and based on early clinical data, an extremely relevant area of cancer research. There are a number of novel agents in development for anti-angiogenic therapy as well as some older agents being used toward this end. In the case of thalidomide, an old drug best known for its teratogenic potential is finding new life as both an anti-inflammatory and anti-angiogenic agent. It has been shown with aortic sections and endothelial cells in culture that thalidomide must first be activated to exert its anti-angiogenic activity. 29) We now confirm these findings using the in utero chicken embryo CAM system; that the anti-angiogenic activity of thalidomide is significantly enhanced by incubation by human but not by rat liver microsomes. We also found that thalidomide alone possessed weak anti-angiogenic activity, in contrast to the study by D'Amato. 36) This could be due to the fact that in the D'Amato report, angiogenesis was stimulated by bFGF alone, 36) whereas in our studies angiogenesis was stimulated using both bFGF and VEGF. We believe that this combination of growth factors more closely mimics that seen in the extracellular milieu during tumor-related angiogenesis. In addition, in the D'Amato, paper, 36) pellets of bFGF were implanted into the CAM whereas in our studies growth factors were applied locally to the surface of the CAM. Thus we are assessing a localized anti-angiogenic effect, versus more of a systemic effect with the D'Amato work. 36) Because increased activity of thalidomide was observed when pre-incubated with human (but not rat) liver microsomes, it is likely that active metabolites of this drug exist. Through extensive literature review, [37] [38] [39] [40] [41] [42] [43] [44] [45] a number of hydroxylated metabolites of thalidomide have been character- ized. Thus the goal of the remainder of this work was to explore the effect of putative hydroxylated thalidomide metabolites on blood vessel density and target cell proliferation. We now demonstrate that hydroxylation of thalidomide at either the 1Ј-or 5-position of thalidomide is activating with respect to anti-angiogenic activity in the CAM assay whereas hydroxylation at the 4-position leads to an inactive compound.
Because we found putative metabolites of thalidomide that were active in a functional angiogenesis assay, we next sought to define the cellular target for the drug and these metabolites. We further show that thalidomide alone has weak anti-proliferative activity against MDA-MB-231 human breast cancer cells in culture. Thalidomide also shows slightly more anti-proliferative activity against the SH-SY5Y human neuroblastoma and human umbilical vein endothelial cell (HUVEC) types. Furthermore, incubation of thalidomide with human liver microsomes added no additional anti-proliferative activity in these cell types versus thalidomide given alone. Finally, we report that none of the putative thalidomide metabolites tested had any anti-proliferative activity against the breast or neuroblastoma cells, but did possess appreciable anti-proliferative activity against the endothelial cells. This implies that endothelial cells are a cellular target for hydroxylated putative metabolites of thalidomide.
There has been a great deal of speculation over the years that thalidomide acts through a reactive epoxide intermediate to exert its teratogenic (and potentially its anti-angiogenic) activity. 29, 33, 67) This intermediate is then hydrolyzed to yield hydroxylation of the phthalimide ring at the 4-and 5-position. These two hydroxylation products were found in the plasma of rabbits but not rats orally fed thalidomide. 39) Further, both 5-and 5Ј-hydrox analogs of thalidomide were isolated after activated with S9 fraction of human liver cells. 57) Thus the differential response of rats versus rabbits and humans to thalidomide could be explained by this difference in hydroxylation. Our finding that 5-hydroxy thalidomide, a product of the epoxide intermediate, has an active anti-angiogenic effect in the CAM assay implies that the reactive arene intermediate is not the only active thalidomide metabolite. In addition, hydroxylation of thalidomide at the 4-position led to a weakly active anti-angiogenic compound. Since the mechanism of anti-angiogenic action of thalidomide is unknown, it is hard to ascertain why a simple change of one position on the aromatic ring could cause such extreme changes in activity. This finding does, however, imply a discrete antiangiogenic target for the drug. The glutarimide ring of thalidomide has been found to be non-enzymatically hydrolyzed at basic pH. 39, 68, 69) This hydrolysis abrogates the anti-TNFa anti-inflammatory activity of the drug. 70) We have found in the CAM assay, as has been previously shown in a corneal angiogenesis model, 19) that the cleavage of the glutarimide ring to form PGA retains anti-angiogenic activity.
It is very interesting that none of the putative metabolites of thalidomide tested showed any anti-proliferative activity against MDA-MB-231 breast or SH-SY5Y neuroblastoma cells. Thalidomide alone did, however, show some weak anti-proliferative activity in these two tumor cell types. In addition, incubation of thalidomide by human microsomes did not increase anti-proliferative activity against either cell type versus thalidomide given alone. Thus it appears that thalidomide itself represents the cytotoxic compound in these cancer cell types. Thalidomide also showed increased anti-proliferative activity against the neuronal-like SH-SY5Y neuroblastoma cells versus MDA-MB-231 breast cells. This selectivity may reflect the ability of thalidomide to target neuronal cells to cause peripheral neuropathy, an area we are currently being explored further.
In contrast to the findings in the tumor cells, hydroxylated thalidomide analogs were very active against HUVEC proliferation. This suggests that the target cell type for these putative metabolites are the endothelial cells and not the tumor cells. A general lack of correlation, however, was found between the activity in the CAM assay (Figs. 2, 3 ) and the HUVEC proliferation data (Figs. 4, 5 ) of specific hydroxylated analogs. For instance, 4-hydroxy thalidomide was not active in the CAM assay whereas it was one of the most active compounds against HUVEC proliferation (Figs. 3A, 5A , respectively). There are a couple possible explanations for this observation. The first is that the concentrations in the discs placed onto the CAMs (1-100 mg per 25 mlϭ0.15-15 mM) were much higher than those used in the HUVEC proliferation assays (10-333 mM). The high concentration in the disk, however, is most likely slowly released onto the CAM and distributed in gradients over the surface of the membrane. This could explain why putative metabolites show more potent activity in the CAM assay versus on HUVEC proliferation assay but does not explain why some putative metabolites are more active against the endothelial cells versus in the CAM assay. A second explanation of the discrepancy between the CAM and HUVEC data is that the HUVECs grown in monolayers do not represent an adequate system for assessing the anti-angiogenic activity of thalidomide analogs. This disparity could be due to the lack of three-dimensional interactions between the endothelial cells themselves and the endothelial cells and the basement membrane. Cell adhesion molecules are critical to both angiogenesis and tumor growth (reviewed in 71, 72) ) and it is clear that the signals produced in cells grown in monolayer culture are quite different from those in a three-dimensional growth environment. A current area of research by our laboratory is exploring the effects of three-dimensional growth conditions, basement membrane composition, stimulation of angiogenesis by tumor cells versus purified growth factors, and endothelial cell source on the process of tumor-related angiogenesis.
Our goal was to explore the effect of putative hydroxylated thalidomide metabolites on blood vessel density and target cell proliferation. We have demonstrated that the position of the hydroxyl group on the glutarimide or phthalimide ring of thalidomide has a substantial effect on blood vessel inhibition in the CAM assay. In contrast, putative hydroxylated thalidomide metabolites do not possess anti-proliferative activity against human tumor cells but do cause substantial cytotoxicity against isolated endothelial cells.
Summary This work suggests that active anti-angiogenic metabolites of thalidomide may exist. Targeting the effects of the metabolites at the level of the endothelial cells, and that exploring analogs of these metabolites as potential anti-angiogenic agents warrant further merit.
